Purified primitive progenitor/stem cells from bone marrow longed culture, maintaining twofold and fourfold more prorepresent likely target populations for ex vivo expansion of genitors viable than KL and IL-3, respectively. A high fraction stem cells to be used in high-dose chemotherapy or gene of these progenitors had a combined myeloid and erythroid therapy. Whereas such primitive progenitor cells require differentiation potential, as well as capacity for prolonged combined stimulation by multiple cytokines for growth, production of progenitor cells under stroma-independent some cytokines selectively promote viability rather than conditions. In addition, Tpo promoted viability of growth when acting individually. We investigated here for CD34 6-14 Although less is known about putative viability occurs only in liquid medium and not in semisolid medium factors for human stem cells, IL-3, granulocyte-macrophage such as methylcellulose, which more selectively promotes colony-stimulating factor (GM-CSF), KL, and FL have been growth of more committed progenitor cells. 19,20,22 In addition shown to enhance viability of enriched primitive human proto being used extensively for in vitro studies of primitive genitor cell populations in culture. [15] [16] [17] 
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conclusions to be made with regard to what degree the ob-T HAS BECOME increasingly clear that hematopoiesis is governed not only by signals affecting proliferation served effects are in fact mediated directly on the progenitor and differentiation, 1-3 but also that the regulation of apoptosis cells. is likely to play an important role. 4 The most primitive human bone marrow (BM) progenitor Stimulatory hematopoietic growth factors, such as the colcells have been shown to express CD34 but little or no ony-stimulating factors (CSFs), multiple interleukins (ILs), CD38. [18] [19] [20] The CD34 / CD38 0 progenitor cell population reperythropoietin (Epo), c-kit ligand (KL), and flt3 ligand (FL), resents only 0.05% to 0.1% of human BM mononuclear cells have all been shown to stimulate the growth and differentiaand has been shown to be highly enriched in multipotent tion of murine as well as human hematopoietic progenitor progenitor cells, long-term culture-initiating cells (LTC-IC), cells in vitro. [1] [2] [3] 5 The optimal clonogenic growth of primitive and long-term reconstituting stem cells. [18] [19] [20] [21] Whereas previhematopoietic progenitors requires in general simultaneous ous studies implicated that CD34 / CD38 0 progenitor cells activation through multiple cytokine receptors. [1] [2] [3] However, might require direct interaction with stroma to be able to a number of studies on candidate murine stem cells have proliferate, recent studies have clearly shown that such shown that the same cytokines, when acting individually, growth can be obtained under stroma-free conditions in the although inducing little or no growth, can in a direct manner presence of early acting cytokines. 19, 20 However, and for promote viability of subpopulations of primitive progenitor/ unknown reasons, effective growth of CD34 / CD38 0 cells stem cells. [6] [7] [8] [9] [10] [11] [12] [13] [14] Although less is known about putative viability occurs only in liquid medium and not in semisolid medium factors for human stem cells, IL-3, granulocyte-macrophage such as methylcellulose, which more selectively promotes colony-stimulating factor (GM-CSF), KL, and FL have been growth of more committed progenitor cells. 19, 20, 22 In addition shown to enhance viability of enriched primitive human proto being used extensively for in vitro studies of primitive genitor cell populations in culture. [15] [16] [17] However, at variance hematopoietic progenitor cells, CD34 / CD38 0 BM cells are with the murine studies, the effects of putative viability facalso currently being investigated for their potential clinical tors for primitive human progenitor cells have not yet been utility, in particular for ex vivo expansion and gene therapy. 19, 20, 23, 24 Whereas much is known about the ability of different cytokines to stimulate growth and differentiation other not yet investigated cytokines might prove more effiformed according to previously described procedures. 35 
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CD38
/ WA) and rhEpo was kindly supplied by Boehringer Mannheim Corp cells) were attracted to a magnet and nonrosetting cells were col-(Mannheim, Germany), whereas rh granulocyte colony-stimulating lected. This cycle was repeated once with the same absolute amount factor (G-CSF), rhKL, and rhIL-3 were generously provided by Dr of magnetic beads and processed as for the first bead separation. Ian K. McNiece (Amgen Corp, Thousand Oaks, CA). rhFL, rhGM-
The remaining CD34 / CD38 0 cells were collected, counted, and kept CSF, and rhIL-1a were kindly supplied by Immunex (Seattle, WA), in IMDM supplemented with 20% FCS until use (õ6 hours). The rhIL-6 was a generous gift from Genetics Institute (Cambridge, MA), purity of CD34 / CD38 0 cells isolated by this method was reproduciand rhCSF-1 was kindly provided by Dr Michael Geier (Cetus Corp, bly 85% to 90%. The same patterns of cytokine responses were Emeryville, CA). Unless otherwise indicated, all growth factors were observed with cells isolated by both methods. used at the following predetermined optimal concentrations: 50 ng/ Single-cell clonogenic assay. CD34 / , CD34 / CD38 / , or mL rhTpo; 5 U/mL rhEpo; 50 ng/mL rhG-CSF; 25 ng/mL rhGM-CD34 / CD38 0 cells were seeded in Terasaki plates (Nunc, Kamstrup, CSF; 50 ng/mL rhCSF-1; 50 ng/mL rhKL; 50 ng/mL rhFL; 20 Denmark) at a density of 1 cell per well in 20 mL serum-depleted ng/mL rhIL-1a; 50 ng/mL rhIL-3; and 50 ng/mL rhIL-6. When a medium (X-vivo 15; BioWhittaker) supplemented with 1% detoximultifactor combination consisting of all of these cytokines was fied bovine serum albumin (BSA; StemCell Technologies Inc, Vanused to stimulate clonal growth, 50% of the above listed cytokine couver, British Columbia, Canada) containing 100 U/mL penicillin concentrations were found to stimulate optimal clonal formation (BioWhittaker), 100 U/mL streptomycin (BioWhittaker), 2 mmol/ and size and were therefore used throughout this study and termed L L-glutamine (BioWhittaker), and 10 04 mol/L 2-mercaptoethanol multifactor combination. The biologic activity of rhTpo was com-(Sigma, St Louis, MO). In some experiments, wells were carefully pletely blocked by a neutralizing antihuman Tpo antibody (goat visualized by microscopy 2 to 10 hours after plating and only wells IgG) from R&D Systems (Minneapolis, MN) 0 cells were added to the irradiated stroma layer 1 to 7 days after irradiation. The preincubated for different periods of time at 37ЊC and 5% CO 2 in air before an additional 10 mL of serum-depleted medium supplecocultures were maintained by half medium change weekly using the long-term culture medium without hydrocortisone. mented with the multifactor combination was added to all groups to determine the number of cells that could still be recruited into Five hundred and twenty-five CD34 / CD38 0 BM cells were seeded for each group at a density of 1 cell per well in 10 mL serumproliferation, such that cells not proliferating after preincubation in the absence of cytokines or in the presence of a putative viability depleted medium in stroma-free cultures. As a control for content of LTC-IC in freshly isolated CD34 / CD38 0 cells, cells were harvested factor were presumed to be dead. Wells were scored for cell growth (¢5 cells) after an additional 14 days of incubation at 37ЊC and directly after seeding, pooled, and split between 5 wells with preestablished irradiated human stroma. Single-cell cultures incubated for 5% CO 2 in air. If a higher number of clones was observed after preincubation in the presence of the putative viability factor than 116 hours in the presence of Tpo, KL, or medium alone were examined microscopically and wells containing 2 or more cells were medium alone, the factor was considered to promote viability of the investigated progenitor cell population. The delayed addition study excluded. The remaining cells were for each group pooled and divided into 5 wells with preestablished irradiated human stroma. After used here as well as by others, 10,13,15,16,37 although being indirect, is considered the most reliable viability assay for primary hematopoi-5 weeks on stroma, nonadherent and adherent cells were transferred to methylcellulose cultures containing predetermined optimal conetic progenitor cells, because it specifically assays progenitor cells rather than other cells present in enriched progenitor cell populations.
centrations of Tpo, Epo, G-CSF, KL, FL, and IL-3. Colony-forming cells (CFC) were scored after an additional 12 to 14 days in culture. In some experiments, single cells were identified immediately after plating (2 to 10 hours to allow cells to sediment) as well as after Stroma cells without added CD34 / CD38 0 cells were used as a control for efficient irradiation of stroma layers and produced no CFC. 116 hours to exclude cells that had proliferated in response to Tpo (ie, contained ú1 cell) during the preincubation period. In these Apoptosis assay. Apoptotic cells were detected using a modification of a previously described method. 40 Briefly, 50,000 experiments, the multifactor combination was added only to wells identified to contain a single cell at initiation of culture and less CD34 / CD38 0 cells were incubated in serum-depleted medium alone or supplemented with Tpo for 44 hours. The cells were pelleted in than 2 cells after 116 hours.
Multilineage potential of progenitor cells surviving in response a microcentrifuge (3000g for 5 minutes at room temperature) and fixed in 1% methanol-free formaldehyde (Polyscience Inc, Warto early acting cytokines. CD34
/
CD38
0 BM cells were seeded at a density of 1 cell per well in 10 mL serum-depleted medium in the rington, PA) for 15 minutes on ice, pelleted (as above), resuspended in 70% EtOH, and stored at 020ЊC until further developed (minipresence of Tpo and preincubated for 116 hours at 37ЊC and 5% CO 2 in air before an additional 10 mL of medium supplemented with mum 2 hours). Before labeling, the cells were washed once in PBS (BioWhittaker) containing 1% FCS. A terminal deoxynucleotidyl IL-1, IL-3, IL-6, G-CSF, GM-CSF, CSF-1, FL, KL, Epo, and Tpo were added to each well, to provide a potent proliferative stimulation.
transferase (TdT) kit (In Situ Death Detection Kit, Fluorescein) from Boehringer Mannheim Corp was used. After washing, the cells were After another 10 days of culture at 37ЊC and 5% CO 2 in air, clones containing 10 or more cells (an average of 21 clones per group per resuspended in 45 mL label solution (containing fluorescein-dUTP and optimized buffer concentrations), and 5 mL enzyme solution experiment) were plated in 1 mL serum-depleted medium supplemented with 1% detoxified BSA, 1.2% methylcellulose (Methocel; (containing TdT) was added. After 60 minutes of incubation at 37ЊC, the cells were resuspended in 300 mL PBS containing 1% FCS and Fluka Chemie AB, Buchs, Switzerland), 100 U/mL penicillin, 100 U/mL streptomycin, 2 mmol/L L-glutamine, 10 04 mol/L 2-mercaptoanalyzed on a flow cytometer (FACSort; Becton Dickinson). Statistical analysis. All results were expressed as means ethanol, and the same multifactor combination in 35-mm Petri dishes (Nunc). Cultures were examined for granulocyte/macrophage colo-({SEM) of data obtained from three or more separate experiments, unless otherwise specified. The Student's t-test was used for statistinies (ú40 cells; GM), burst-forming units-erythroid (BFU-E), and mixed GM/E colonies after an additional 12 to 14 days of incubation cal analysis. at 37ЊC, 5% O 2 , 10% CO 2 , and 85% N 2 . To confirm the colony RESULTS phenotype, individual colonies were picked, transferred to a glass slide with a jet air stream, dried, fixed, Giemsa-stained, and exam- / progenitors in that less than 29% (24 clones of 84) of the progenitors were recovered when the addition of cytokines was delayed for 44 hours. In addition, almost no clonogenic progenitor cells could be recovered in response to the cytokine cocktail after 116 to 140 hours of incubation. Importantly, there was little or no difference in the cloning frequency or proliferative potential if cells were cultured in 20 mL of the cytokine combination from the initiation of culture or in 10 mL of cytokine-containing medium for the first 116 hours and then supplemented with another 10 mL for the remaining of the culture time (O.J.B. and S.E.W.J., unpublished observations), showing that the low incubation volume does not affect the survival and cytokine responsiveness of CD34
0 progenitors. Based on these results, subsequent delayed addition studies were performed by preincubating cells for 116 hours in serum-depleted medium in the presence or absence of putative viability factors, before a strong proliferative cytokine cocktail was added to allow the clonogenic growth of viable progenitor cells. 
Effects of early acting cytokines on viability of CD34
CD38
0 progenitor cells (Fig 2A) . In addition, only limited proliferation was obtained by these clones, for all three cytokines was significantly (P õ .05) higher than their ability to induce clonal growth (Fig 2A) . Interestingly, after 116 hours of incubation in the presence of Tpo, 51% of multifactor-responsive CD34 / CD38 0 progenitor clones from 180 cells; Fig 1A) . However, if addition of the cells remained viable, which was significantly higher than multifactor combination was delayed for 44 hours, only 47% for IL-3, FL, or KL (P õ ,05). It is also noteworthy that (27 of 57 clones) of these progenitors could be recovered in most of the progenitors surviving in response to Tpo did so response to the same cytokines, which decreased to 11% by 140 hours. Because the primitive CD38 0 fraction of CD34 / in the absence of detectable cell growth (75%; Fig 2A) that their proliferative capacity was very high when comusing suboptimal concentrations of cytokines, because a 4 pared with the growth of CD34
0 progenitors in retimes increase in the concentration of each of the cytokines sponse to Tpo alone ( 
/ BM cells (Fig 2B) , representing most of the progenitor cells in the BM and shown to consist predominantly of more committed õ .05 for all 3 cytokines). As suggested in our initial experi-
ments with CD34 / cells (Fig 1A) , a higher (although low;
viable after 116 hours of incubation in medium alone as ( Fig 2B) . However, when correcting for the number of pro- Shortly after plating (2 to 10 hours after seeding to allow cells to sediment), wells containing single cells were identified and all other wells were excluded from the experiment. After 116 hours of preincubation in the presence of Tpo, wells were reexamined to exclude wells containing more than 1 cell, ie, wells in which proliferation had occurred. A cocktail of cytokines (containing IL-1, IL-3, IL-6, G-CSF, GM-CSF, CSF-1, FL, KL, Epo, and Tpo) was added to wells containing a single cell directly after plating and where no proliferation had occurred during the first 116 hours of culture. Clonal growth was evaluated after an additional 14 days of incubation at 37ЊC and 5% CO2 in air. 
0 progenitor cells in a direct manner and in the absence of cell division. Thus, culture wells were visualized at initiation of culture by microscopy to ensure that only wells containing 1 cell were included in the study (Table 2 ). After 116 hours of preincubation in the presence of Tpo, wells that initially contained 1 cell were examined carefully again and wells in which cells had proliferated (2 or more cells; 7% of single cells) were scored and excluded from the study. Of the wells that contained Tpo-preincubated cells that had not proliferated at this time, 19% formed clones in response to the multifactor combination, which was comparable to the data obtained in the experiments described in Fig 2A ( 
0 progenitor cells surviving in response to Tpo were committed to either the myeloid or erythroid cell lineages or whether they were multipotent. This was of particular importance, because two recent studies showing a growth-promoting activity of Tpo on primitive show that as much as 38% of CD34 (Fig 5) .
Tpo suppresses apoptosis of CD34 / CD38 0 BM cells. IL-3, KL, and Epo have been suggested to support the viability of hematopoietic progenitor cells by preventing apoptosis. 16, 48, 49 To examine whether the increased viability of CD34
0 BM progenitor cells observed in response to Tpo correlated with suppression of apoptosis, cells were cultured in serum-depleted medium in the absence or presence of Tpo and examined for apoptosis. Because apoptotic were incubated in serum-depleted medium alone to 35% LTC-IC survived in the presence of Tpo.
were scored after an additional 14 days of incubation at 37ЊC and 5% 
Distinction between the ability of Tpo and Epo to promote
CD38
0 fetal liver progenitor cells. 17 In addition, FL was found to enhance viability, although less efficiently than KL and IL-3. 17 It is noteworthy that all of these previous studies were performed in cultures containing high numbers of cells, and thus effects observed could (at least in part) be mediated indirectly rather than directly on the progenitor cells. Thus, an important objective of the present studies was to use single-cell cultures to establish to what degree these cytokines could directly promote progenitor cell survival. Through such experiments, we were able to show that IL-3 and to a slightly lesser degree FL and KL were able to directly promote viability of CD34 
0 fetal liver progenitors. 17 By careful mapping of individual cells, we also showed that most of the CD34
0 progenitor cells surviving in response to IL-3, FL, or KL do so without undergoing cell division. Although the viability-promoting effect of these cytokines The present findings on CD34 / CD38 0 BM progenitor and suppress apoptosis of primitive murine hematopoietic cells were in agreement with those previously made on canprogenitor cells, 4,6-14,37,49,50 less is known about the ability of didate murine stem cell populations, [8] [9] [10] [11] [12] [13] [14] in that IL-3, KL, and cytokines to promote viability of populations of candidate FL can directly promote viability of primitive progenitor human stem cells.
cells. However, whereas KL has been found to be the most The present study is the first dissecting the ability of cytopotent viability-promoting cytokine for primitive murine kines to promote viability of human CD34 although not an ultimate human stem cell assay, might prove in promoting viability of primitive human progenitor cells, because most if not all hematopoietic progenitors express cuseful in further addressing the different roles of these and other cytokines in maintaining candidate human stem cells kit. 33, 54, 55 One reason for this could be that the most primitive human progenitor cells have been suggested to express rather in culture.
Collectively, the present as well as previous studies on low levels of c-kit. 33 Alternatively, c-mpl might be more efficient than c-kit in delivering a viability-enhancing signal.
primitive murine progenitor cells 12,13,37 suggest that KL is more efficient in maintaining viability of murine than of The ability of Tpo to promote viability of CD34 
0 BM cells, as has previously been shown for IL-3 and KL on CD34 / DR 0 than murine progenitor cells. This difference might be important, although we cannot exclude that the observed differcells. 16 The ability of Tpo to suppress apoptosis of hematopoietic cells was also supported by a recent study on a human ences between the two species might be due to different and heterogeneous progenitor cell populations having been progenitor cell line expressing c-mpl. 
